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(54) A differential windshield capacitive moisture sensor 



(57) A differential capacitive nrK}isture sensor, rely- 
ing for its operation on the time-varying couplings in two 
moisture-sensing regions to provide indication of pres- 
ence of moisture, with selectivity of sensing surface pro- 
vided by a shielding electrode, and with temperature 



information provided by a simultaneously-fabricated 
resistive temperature sensor. Various electrode connec- 
tions and sensor electronics may be used. 
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Description 

FIELD AND BACKGROUND OF THE INVENTION 

The present invention relates to a moisture sensor 
and. more particularly to a moisture sensor especially 
suitable for use in the sensing of moisture on an auto- 
mobile windshield. This device operates on a differential 
capacitive moisture detection principle, which has been 
discovered by the inventor, and will be described below, 
which results in a sensor with greater sensitivity, and 
additionally, with directionality, the ability to selectively 
sense moisture on either surface of the windshield, a 
feature not found in the prior art. Prior Art automotive 
windshield moisture sensors are either bulky, conspicu- 
ous, expensive, electro-optical moisture sensors, of lim- 
ited sensing area, simultaneously expensive, and 
having mounting position limitations: or. capacitive 
moisture sensors, which are unable to distinguish 
between a moisture signal and normally-encountered 
background reference signal variations due to stress 
and temperature variations in the dimensions of the 
windshield. 

Various attempts have been made to solve the spe- 
cific problems of the electro-optical moisture sensors, 
as mentioned above. These have been in the category 
of singte-ended capacitive moisture sensors, which 
operate by providing changes in electrical capacitance 
between two sensing electrodes, in response to pres- 
ence of moisture on a surface in the region between the 
electrodes. These have the aforementioned difficulty of 
distinguishing between t)aseline signal and moisture 
signal, as mentioned above, due to the large "dry-" con- 
dition k>ackground baseline signal, and small change to 
this signal level due to presence of rain. Therefore, var- 
iations of output which indicate rain are comparable to 
normally-encountered changes in t^aseline reference 
signal, giving false indications, and non-indications, 
concerning presence of moisture. A further disadvan- 
tage of prior-art capacitive moisture sensors is tiie ina- 
bility to distinguish between moisture on tiie outside 
versus on the inside of the windshield, making it difficult 
to use as a wiper controller or as a defogger or as a 
defroster sensor. For these reasons, the capacitive 
moisture sensors are not practical, and do not appear to 
be presently in wide use in ttie automotive marketplace. 

In more detail, in the prior art. electroK)ptical mois- 
ture sensors are the most common and are used for 
detection of raindrops by sensing of change in the total 
internal reflection of light beams off the front windshield 
glass-air interface. A typical sensor of this type is 
described in US Patent No. 4.859.867. Electro-optical 
moisture sensors suffer from several disadvantages: 

They are conspicuously mounted on the internal 
side of the windshield. 

The proper operation is critically dependent on the 
mechianical stability of the mounting. 



They are often sensitive to extraneous light. 
They are relatively expensive. 

5 An alternative method of sensing moisture on the 
windshield surface relies on the relatively large dielec- 
tric constant electrodes of water (approximately 80) as it 
affects the capacitance between a set of conductive 
transparent electi-odes deposited on the windshield. 

10 Sensors teased on this method are integral with the 
windshield and are potentially less expensive and non- 
conspicuous. Two such sensors are described in US 
Patent Nos. 4,805.070 and # 4.831.493. In these pat- 
ents, a conductive coating is applied on the outside sur- 

15 face of the windshield. Its disadvantage is exposure to 
abrasion due to the combined effects of wiper motion 
and airborne particles. Another approach is to deposit 
the conductive electrodes on the inside of the front lam- 
inate of the "sandwich** windshield glass for protection 

20 of the conductive coating. Typical moisture sensors of 
this type are described in US Patent No. 4,703.237; in 
US Patent No. 4.827.198; in US Patent No. 4,613.802; 
and in US Patent No. 4.554.493; where the capacitive 
effect of water drops changes the resonant frequency of 

25 a resonant circuit. In all prior art capacitive moisture 
sensors in which the dielectric glass layer separates the 
capacitor plates from the water-droplets-sensltive sur- 
face, the relative change of the capacitance due to 
water drops is very small. The capacitive moisture sen- 

30 sor described in US Patent No. 3,826.979 aims to dimin- 
ish the fixed constituent of the capacitance (in the dry 
condition) by shielding part of the parasitic capacitive 
coupling, thereby reducing the dry reference back- 
ground signal level. The improvement, however, is only 

35 partial since tiie residual **dry'* capacitance is still signif- 
icant relative to the moisture induced capacitance 
increase. A further difficulty is that tiie "dry** capacitance 
itself is not stable, in particular as a result of distortion in 
tiie internal plastic layer - that result from windshieM 

40 dimensional changes due to temperature and mechani- 
cally induced stress. As a result, the signal due to sur- 
face moisture is virtually indistinguishable from the error 
signal due to capacitance changes. The reliability of tiiis 
kind of capacitive windshield moisture sensors is there- 

45 fore poor. 

An additional shortcoming of prior art capacitive 
moisture sensors Is their non-directionality, i.e.. tiieir 
sensitivity to moisture on both surfaces of the wind- 
shield, i.e.. they do not distinguish between moisture on 

50 the external surface of the windshield and condensation 
on tiie internal side. Similarly, they are sensitive to adja- 
cent objects in the \ns\6e of the car. such as when the 
driver manually wipes off condensation accumulated on 
the internal surface. 

55 Thus, in general, capacitive windshield moisture 
sensors suffer from both lack of sensitivity and stability 
on the one hand, and from non-directionality on the 
other hand. For this reason only electro-optical wind- 
shield rain sensors have had any commercial success. 
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There is thus a widely recognized need for. and it 
would be highly advantageous to have, an improved 
moisture sensor, suitable for automotive windshield 
application, which is inexpensive, sensitive, stable with 
time and temperature, does not obstruct the driver's 5 
view so it is flexible with respect to mounting position, 
and is "directional", i.e., it is selectively sensitive to 
moisture on only one side of the windshield. 

SUMMARY QF THE INVENTION 10 

According to the present invention there is provided 
an automotive windshield moisture sensor. 

According to further features in preferred embodi- 
ments of the invention described below, there is pro- is 
vided a directional windshield moisture sensor. 

According to another ennt)0diment. there is pro- 
vided a pair of directional moisture sensors, integrally 
manufactured in the windshield structure. 

According to another embodiment, there Is pro- 20 
vided an additional temperature sensor element, which, 
In conjunction with the moisture sensor, provides the 
capability to differentiate snow or ice from rain or "fog- 
ging" condensation such as often found on the inside of 
the windshield. 2S 

According to another embodiment, the moisture 
detector is simultaneously, integrally, manufoctured in 
the windshield with an electrical heating layer in the 
windshield. 

According to anotiier embodiment there is provided 30 
an independent moisture detector, which can be sepa- 
rately manufoctured. and which is suitable for mounting 
on a conventional windshield. 

The present invention successfully addresses the 
short-comings of the presentiy known configurations by 35 
providing capadtive moisture sensor. 

The present invention discloses a novel, directional, 
differential, capacitive moisture sensor, which solves 
the problems of automotive windshield moisture-sens- 
ing. 40 

More specifically, tiie directional, differential, capac- 
itive moisture sensor of the present Invention, is Inex- 
pensive, does not obstruct the drivers view, can be 
placed in the wiping area, is not subject to aging due to 
abrasion, is sensitive, and stable with time and with 4S 
stress and temperature effects on windshield dimen- 
sions, is sensitive to moisture on only one surfece of the 
windshield, hence insensitive to moisture and conduc- 
tive objects on or near the opposite surface of the wind- 
shield. Also, tills moisture sensor is capable of sensing so 
moisture over a large surface area, unlike the electro- 
optical moisture detectors, which are focussed to sam- 
ple moisture only in a small region. 

One "unit** of the moisture sensor of the invention 
may be "mounted", either as a separately manufactured ss 
add-on device, or integrally manufactured, in a wind- 
shiekJ. for the purpose of rain-sensing, by monitoring 
moisture on the outer surface of the windshield. Incor- 
porating a temperature-sensor, as mentioned above. 



tiien gives the capability to differentiate between non- 
freezing rain, and freezing precipitation, snow, slush, 
ice. freezing rain, necessitating windshield heating, as 
well as wiping. A second unit may be "mounted" in the 
opposite orientation, to control a blower or blower-ptus- 
heater. to "defbg" or "defrost" the inner windshield sur- 
face, again, preferably in conjunction with a temperature 
sensor to control the temperature of the air source pro- 
vided to the blower, as appropriate to the moisture to be 
dissipated. A pair of moisture sensors may be integrally 
manufactured with the windshield, temperature-sensor, 
and heating element: or add-on unit may be provkled in 
existing cars as an after-market product. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is herein desaibed, by way of exam- 
ple only, with reference to the accompanying drawings, 
wherein: 

FIG. 1A is a directional, differential, capacitive 
moisture sensor; 

FIG. 1B is the directional, differential, capacitive 
moisture sensor of FIG. 1 A. with one possible con- 
figuration of excitation cmd sensing electronics; 

FIG. 1C is a schematic representation of the sensor 
of FIG. 1A. 1B; 

FIG. 1 D is a schematic representation of the sensor 
of FIG. 1A, IB; 

FIG. 1 E is a standalone sensor; 

FIG. 2A is a modified, directional, differential, 
capacitive, moisture sensor; 

FIG. 2B is the modified, directional, differential, 
capacitive nnoisture sensor of FIG. 2A, with alterna- 
tive configuration of excitation and sensing elec- 
tronics; 

FIG. 2C is a schematic representation of the sensor 
of FIG. 2A, 26; 

FIG. 3A is another modification of the sensor of FIG 
1A: 

FIG. 3B is the sensor of FIG. 3A. with the electron- 
ics of FIG. 1A; 

FIG. 4 is a pair of sensors as in FIG. 1A. shown 
mounted for sensing two surfaces of the windshield; 

FIG. 4A is a ia pair of standalone sensors: 

FIG. 5 is an example electa'ode pattern, incorporat- 
ing a temperature-sensing element; 
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FIQ. 6A is an interconnection of a pair of unit sen- 
sors of FIG. 1 A in a beneficial manner; 

FIG. 6B is a simplification of FIG. 6A: 

FIG. 7A is a modified sensor based on that of FIG. 
2A; 

FIG. 7B is a circuit representation of the sensor of 
FIG. 7A: 

FIG. 8 is as Figure 2c but with the inclusion of a pair 
of amplifiers; 

FIG. 9A is a modified sensor based on that of FIG. 
1A; 

FIG. 9B is an electrical representation of the sensor 
of Rgure 9A. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

The present invention is of a directional, differential, 
capadtive moisture sensor, which can be integrally 
manufactured in an automotive windshield, or as an 
add-on device. 

Specifically, the present invention can be used to 
sense presence of various types of moisture on a wind- 
shield, and to differentiate between tiiem. sufficientiy 
well to control wipers, heater and blower, for wiping, de- 
idng, defbgging and defrosting, to restore, or maintain 
the drivers visibility. 

The principles and operation of a directional, differ- 
ential, capacitive, moisture sensor according to the 
present invention may be better understood with refer- 
ence to the drawings and the accompanying descrip- 
tion. 

Referring now to the drawings, Fig. 1A illustrates 
the simplest "uniT directional, differential, capacitive, 
moisture sensor. 

The embodiment in Fig. 1A illustrates the moisture 
sensor as integrally manufactured in an automotive 
windshield. The windshield consists of laminated "sand- 
wich glass", two glass laminated layers, 1 6 and 1 7, sep- 
arated by a layer of plastic laminate, 18. with electrodes 
12, 13. 14, deposited on the lower surface of glass lam- 
inate layer. 16; and electrode. 15. deposited on the 
upper surface of glass layer, 17. This construction 
results in a structure such that electrodes on any sur- 
face are substantially co-planar with each other, and 
parallel to all the surfaces of the glass laminates. For 
discussion purposes, we will consider the layer. 16, to 
be the outer layer, and layer 17. to be tiie inner layer, 
and we will discuss the effects of moisture on tiie outer 
glass laminate surface. 30, and on the inner glass lami- 
nate surface, 31 . The simplest "unit" moisture sensor of 
the invention consists of three "active", i.e., non- 
grounded, electrodes, as will now be described. It is 



worthwhile to note that the three-electrode Capacitive 
Detector Device of US 3.826.979. is not in tiie category 
of our invention, since its center plate is grourxJed. 
A basic capacitive moisture sensor exhibits capaci* 

5 tance change due to moisture in the sensing area, such 
as water drop. 19, in sensing area 32 of Fig. 1 A. Since 
water has a dielectric constant of about 80. compared 
with that of air of about 1 . and capacitance of a capaci- 
tor is proportional to the dielectric constant of the dielec- 

10 ir\c between its plates, we see that an increase in 
moisture in the sensing areas, 32. and 33. between 
electrode pairs, 12 and 13, and 13 and 14, respectively, 
will result in an increase in capacitance between the 
corresponding electrode pairs. If there is uniform 

15 increase of moisture in the sensing areas 32 and 33. 
then the two capacitances will increase equally. If. as in 
Fig. IB, balanced, equal frequency and amplitude. 180 
degree out-of-phase excitations are applied to the elec- 
trodes, 12 and 14, and the spacings are equal, and the 

20 sandwich-glass is uniform, then, when both the sensing 
areas 32 and 33 on surface 30. are dry or uniformly 
moist, the capacitively coupled signal voltage at elec- 
trode 13 due to each, will be identical, and the total will 
be sut>stantially zero, due to equal coupling, through 

25 equal capadtances, independent of the exact capad- 
tance value. 

The invention depends on the inventors realization, 
that the moisture in the two sensing areas 32 and 33. in 
general, at any instant of time is ooi equal, even though 

30 tiie average of the moisture in the two areas over a long 
period of time may be expected to be equal. Hence, at 
any given instant, tiiere is an asymmetry in the moisture 
in tiie two sensing areas, a corresponding instantane* 
ous capacitance imbalance, a corresponding imbalance 

35 of the signal couplings to electrode 13. and a resulting 
finite, non-zero, detectable, imbalance signal at elec- 
trode 13. to indicate presence of moisture. The polarity 
of the imbalance signal is not known, since which side 
has greater moisture at any given instant is not known. 

40 This is, however, a practical moisture detector, since in 
tiie sensing electronics, it is possible to incorporate 
"absolute-value" circuitry, which then detects imbalance 
of eitiier polarity. 

Because this is a differential sensor, it is substan- 

45 tially insensitive to dimensior^l changes in the sub- 
strate, the laminated windshield sandwich glass, in this 
example. A sti-ess-induced or temperature induced 
expansion or contraction is expected to affect the 
dimensions, especially thickness, of both sensing areas 

50 substantially equally, resulting in substantially no false 
indication of moisture. This feature is due to the differen- 
tial nature of the sensor, and the sut)stantially uniform 
dimensional change in the sensing area, and is its first 
advantage over the prior-art single-ended, non-differen- 

55 tial, capadtive moisture sensors. 

Further, the differential capacitive moisture sensor 
is more sensitive to moisture in a practical circuit appli- 
cation than the prior-art single-ended sensors. The sin- 
gle-ended sensors operate with non-zero reference 
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"dry" signal output. Changes in this reference signal 
must be detected to detect presence of moisture. These 
changes are small, and the changes due to substrate 
dimensional changes are of comparable amplitude to 
the moisture signals, so the prior-art single-ended mois- 
ture sensors are not practicaL The differential moisture 
sensor on the other hand has a reference signal of sub- 
stantially zero, so the moisture signal is Immediately 
large, and easily detected; and the substrate dimen- 
sional changes are balanced out, due to sensor symme- 
try, so there is no error signal due to substrate 
dimensional changes. For these reasons, the net result 
is that the differential moisture sensor is much more 
sensitive than the prior-art single-ended sensors. 

Directionality, i.e., sensitivity to moisture on only 
one surface of the substrate, is provided by the shield 
electrode, 15, in Fig. 1A. This shield electrode is con- 
nected to the electronics system ground, providing elec- 
trical isolation of electrode pairs. 12 and 13. and 13 and 
14, from regions. 320 and 330, respectively, on surface 
31. which would otherwise have also been sensing 
areas similarly to areas, 32 and 33, respectively, on sur- 
face 30. Thus, directionality, sensitivity to moisture on 
only one surface of the substrate, is provided, as is 
desirable in the automotive windshield application, as in 
many other applications for sensors in general. 

The flexibility of mounting of the windshield mois- 
ture detector is provided by implementing the elec- 
trodes as. for example, a vacuum-deposited thin film 
coating of a transparent, electrically-conductive, mate- 
rial, such as Indium-Tin-Oxide, such as has been used 
for electrical windshield heating. Using such a transpar- 
ent material, makes it possible to locate the moisture 
sensor in the wiping area of the windshield. This is 
desirable, since wiping will remove the moisture rapidly 
from the sensed area of the windshield, resulting in de- 
activation of the wipers promptly upon cessation of rain- 
fall, for example. 

When the moisture sensor is used to detect mois- 
ture in the form of condensation on the inside of the 
windshield, the flexibility of mounting is also important, 
since the automobile designer will want to locate the 
moisture detector in a position such that after the 
"defogging" for example, is complete, the blower and 
heater would be turned off. This depends on the knowl- 
edge of tiie automobile designer of the air flow in tiie 
car. It is important to note tiiat tiiis directional, differen- 
tial, capacitive. windshield, moisture sensor, now makes 
practical moisture detection on the inside surface of the 
windshield. Previously, it would have been necessary to 
mount an electro-optical moisture sensor on the outside 
of tiie windshield, to focus it on the inner surface of the 
windshield. 

A pair of moisture sensors of the invention are 
shown in Fig. 4, illustrating the fabrication, to result in 
one sensor each for moisture on outer and inner wind- 
shield surfaces. 

As mentioned previously, an accompanying tem- 
perature sensor may be implemented with the same 



vacuum-deposited thin film which is used to febricate 
tiie moisture sensor electrodes. This is conveniently 
done by depositing as a temperature sensing element, 
a long, ttiin, pattern, for example, in tiie shape of a 

5 "snake", element 51 , as shown in Rg. 5. accompanying 
an alternative electrode configuration, which has been 
built. The resistance of this element as a function of 
temperature is then monitored. 

The electronics for the differential sensor of Fig. 1 A 

10 are shown in Fig. 1 B. An electrical schematic represen- 
tation of the sensor is also shown in Fig. 1C. This is a 
representative implementation, which is not the only 
possibility, as will be discussed. This system includes 
the previously-discussed 180-degree out-of-phase exci- 

15 tation sources, 1 0 and 1 1 , driving electrodes 1 2 and 1 4, 
which bracket sensing electrode. 13, and are equidis- 
tant from it, providing a net "dry" -condition zero-valued 
reference signal at electrode 13. The return for tiie 
sources, and the reference voltage for measuring the 

20 output at electrode, 13. is the system ground". The 
shield electrode, 15, when included, and used with the 
circuitry shown here, is also connected to the system 
ground. Signal appearing at electrode, 13. in case of 
asymmetry of moisture in sensing regions, 32 and 33. 

25 which is represented by "raindrop". 19, is amplified, 
here, in single-ended inverting, transimpedance, 
"charge", amplifier, 20. synchronously-demodulated by 
multiplication in multiplier. 22, with the output of one of 
the excitation sources, here. 11. The output of the mul- 

30 tipiier is low-pass-filtered in low-pass-filter block, 23, to 
remove the excitation-frequency carrier. The resulting 
low-pass-filtered, time-varying, "dc" level is then "full- 
wave-rectified" in an absolute-value amplifier circuit, 24, 
before being applied to voltage-comparator witii mols- 

35 ture detection level input, 25. This detection electronics 
provides good immunity to non-signal, carrier fre- 
quency, interference, is relatively simple, and inexpen- 
sive, has been used with the moisture sensor of tiie 
invention, but other designs may also be used. Furtiier, 

40 the electronics may change configuration, to suit 
changes in the electrode configuration, or connections 
to the electi-odes. due to interchanging their functions. It 
is worthwhile to mention tiiat a charge amplifier is a spe- 
cific type of transimpedance amplifier, in which the feed- 

45 back element is ideally a pure capacitance, so that with 
a pure capacitive source impedance, the voltage gain is 
given by tiie ratio of feedback to signal source internal 
capacitor, and inverted. 

Another possible configuration is shown in Figs. 2 A 

so and 2B, and represented schematically in Fig. 2C. Ele- 
ments of Figs. 2A and 28 which have similar functional- 
ity to those of Fig. 1A and IB. are numbered similarly. 
The function of electrode, 13. in Fig. 1 A and IB was as 
a single sensing electrode, with two excitation elec- 

55 trodes, 12 and 14. Here, 130 is a single excitation elec- 
b-ode. and electrodes 120 and 140, are a "true- 
differential" output-electrode pair. Here, the sensor must 
incorporate the shield, ground-plane, electrode. 15. 
which provides the directional properties of the sensor. 
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since this serves as the return electrode for the excita- 
tion. This sensor now functions as a bridge, with four 
capacitance legs. The two sensing capacitances are 
between the active electrode pairs, 130 and 120. and 
130 and 140. corresponding to sensing areas 32 and 
33. respectively, as before. However, the capacitance 
from sense electrode. 120, to ground plane. 15, and the 
capacitance from sense electrode. 140, to ground 
plane. 1 5. provide the two reference capacitors for the 
bridge. These two capacitances depend on the plastic 
laminate as their dielectric. The single-ended-input. 
transimpedance, charge, amplifier, 20, of Fig. IB has 
been replaced with the differential-input voltage ampli- 
fier, 200. of Rg. 2B. This may be realized as an instru- 
mentation amplifier, as is well-known. The rest of the 
"receiver" electronics is the same. Also, two grounded 
"guard" electrodes, 21 , have been added outside sense 
electrodes, 1 20 and 140. to shield them from the t>ottom 
of the substrate, in case the electrode. 15, does not 
extend far beyond the outer edges of sense electrodes 
12 and 14. Alternatively, these guard electrodes may be 
bootstrapped with buffer amplifier to their adjacent 
sense electrodes. The single excitation source, 36, also 
provides the multiplier/demodulator reference input sig- 
nal. The functionality of the sensor moisture sensor is 
the same as before, but the signal output is different, 
since the electrodes functionality is interchanged, 
necessitating a change in the sensor electronics. One 
possible advantage of this arrangement over that in 
Figs. 1A and IB. is that the differential-input amplifier, 
200. may be less sensitive to radio-frequency interfer- 
ence (RFI) than the single-ended-input amplifier, 20. A 
further possible advantage of this arrangement over that 
of Figs. 1 A, 1 B may occur in case of very large moisture 
signal. There may be some condition in which it is 
desired to add the signal at electrodes 120 and 140. in 
additional circuitry to provide an additional non-differen- 
tial magnitude indication. 

Yet anottier configuration is shown in Figs. 3A and 
3B. Here, a moisture sensor and electronics similar to 
that of Figs. 1A and 1B, is modified by the addition of 
grounded shield electrodes. 41 , and 42, between elec- 
trode pairs. 12 and 13. and 14 and 13. respectively, 
under sensing areas, 32 and 33. respectively These 
shield electrodes reduce tiie coupling between the adja- 
cent edges of the electrode pairs under the sensing 
areas, reducing the very-small non-moisture. "dry"-con- 
dition "offset" reference signal, hence, increasing the 
importance of the coupling via the sensing areas. 32 
and 33, in providing a signal to sense electrode. 13. In 
practice, electrodes 41 and 42 should probably be a 
guard ring, surrounding electrode 13, and not two sepa- 
rate conductive strips. This guard ring may be laoot- 
strapped", i.e., driven from a voltage-follower output, 
whose input is connected to electrode, 13. This should 
be a more-effective capacitance-reduction technique 
than just grounding tiie guard ring. The shield electrode, 
1 5. in Figs. 3A and 3B, and in Figs. 1 A and 1 B may also 
be bootstrapped. This bootstrapping would be useful if 



tiie transimpedance "charge" amplifier. 20. is replaced 
by a voltage amplifier, since then there would othenA^ise 
be capacitive division of the signal at sense eiecti'ode 
13. concerning bootstrapping of electrode 15 in Figs. 1 A 

5 and 3A. refer to Fig. 1 C. The electi-ical schematic shows 
nodes 112.113. and 114 representing points of connec- 
tion to active electrodes 12. 13. and 14 respectively, and 
115. corresponding to connection to plate 15. There will 
be a parasitic capacitance from plate 1 3 and node 113. 

70 to plate 1 5 and node 115. This capacitance forms a volt- 
age divider to plate 15 and node 115, which attenuates 
tiie input signal to amplifier 20, present on plate 13, 
node 1 13. if plate 15, node 1 15. is grounded. But if plate 
15. node 115, is tx>otstrapped to plate 13. node 113. 

75 with a buffer amplifier (1115, Fig. 1 D), then the voltage 
on nodes 113 and 115 is equal, and there is no capaci- 
tive divider action, so a larger signal, the maximum sig- 
nal possible at node 113. will be provided to amplifier 20 
by eiecti'ode 13. 

20 Yet another configuration is shown in Fig. 6A. and 
simplified in Fig. 6B. This composite sensor is tiie com- 
bination of two unit sensors of tiie type of Fig. 1 A. In tiie 
unit sensor of Fig. 1 A, if a stress applied to the substrate 
results in an expansion, for example, of the distances 

25 between eiecti'ode pairs 1 2 and 1 3, and 1 3 and 1 4, tiien 
tiie moisture-sensing sensitivities in regions 32 and 33. 
respectively, wilt change. If there is a unifbrm expansion, 
i.e., an equal increase in the two electrode-pair separa- 
tions, then the sensor remains balanced, and no false 

30 output results. If, however, there is a gradient, a non-uni- 
form expansion, so that the separation betiA/een one 
pair of plates is greater than that between the other pair, 
then a false output signal will result. The configuration of 
Figs. 6A. 6B, solves this problem, by interconnecting 

35 two unit sensors, in such a way that the expansion gra- 
dient will be cancelled. With respect to Fig. 6A. elec- 
ti-odes 612 and 622 correspond to electrode 12 in Rg. 
1 A: electrodes 613 and 623 correspond to electrode 13 
in Fig. 1 A; electirodes 614 and 624 conrespond to elec- 

40 fode 14 in Fig. 1 A. Therefore the signal output due to 
moistijre in the sensing regions between electrodes 612 
and 613, and 622 and 623, add together, and the signal 
output due to moisture in the sensing regions between 
electrodes 613 and 614. and 623 and 624, add 

45 togetiier. The difference between these added mois- 
ture-signal pairs provides the moisture-present indica- 
tion as explained above. Now. if there would be a 
unifbrm expansion of the sensor, increasing all four 
spacings. labeled, a. b. c, d, the sensor remains bal- 

50 anced; and also, unique to this parallel interconnection 
of two unit sensors, in case of a gradient expansion 
increase of spacings, the sensor also remains bal- 
anced. This is easily seen as follows: assume a gradient 
expansion such that the distance increase at a is 

55 greater than at b. which is greater than at c. which is 
greater than at d. But the gradient is assumed to be uni- 
form, so the distances (a + d) = (b + c) . and tiie net 
combination sensor remains balanced when subjected 
to gradient stress. To achieve this, the two unit sensors 
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must be symmetrically placed about a common center 
line, 600. Since electrodes 614 and 624 in Rg. 6A are 
adjacent, and bracket the outer line, 600. and are con- 
nected together, the two sensors of Fig. 6A may be 
made more compact by combining the two electrodes, 
614, and 624, Into one electrode as in Fig. SB. in which 
the center line, 600. now bisects the one combined 
electrode. This Illustrates one composite sensor with 
greater immunity to substrate lateral dimensional varia- 
tions than one unit sensor alone. Similar argument also 
applies to a gradient thickness change. 

Yet another configuration is shown In Fig. 7A, and 
an electrical circuit representation of it, in Fig. 7B. This 
is a modification of the sensor of Fig. 2 A. in such a man- 
ner that the same gradient-dimensional-change prob- 
lem solved above in Fig. 6A. SB by a combination of two 
sensors, is solved in one sensor. In Fig. 7A, electrodes 
712, 713. 714, and 715, correspond to electrodes 120. 
130, 140. and 15 in Rg. 2 A. In Figs. 2A, 2B, electrode 
15 is both the shield against sensing of moisture in 
regions 320 and 330, and also the electrical ground 
return for excitation source 36. The electrical equivalent 
circuit in Fig. 2C shows that two capacitors. 132, and 
133 vary with moisture in regions 32 and 33. respec- 
tively. Capacitors. 232 arxl 233, from electrodes 120 to 
15, and 140 to 15, respectively, serve as reference 
capacitors for the capacitor bridge circuit, and do not 
change value with moisture. This sensor has the same 
dimensional-change properties as the sensor of Fig. 
1A. 

Now in the sensor of Fig. 7A, electrode 715 has 
been reduced in the width to correspond approximately 
to the width of electrode 713. Electrode 715. therefore, 
will be affective as the electrical return node for the 
bridge, and the capacitances. 702 and 703. in Fig. 78 
will be reduced compared with capacitances, 232 and 
233. in Fig. 20. But. capacitance 702 will vary with 
dimensional changes in the same manner as capacitor 
732. and capacitor 703 will vary with dimensional 
changes in the same manner as capacitor 733. so the 
reference capacitance corresponding to each sensor 
capacitance varies with stress proportionally, and the 
bridge remains balanced for gradient dimensional 
changes, as well as for uniform dimensional changes. 
Thus the sensor of Fig. 7A is an improvement in this 
respect. 

The problem of providing directionality is solved by 
adding shield electrodes. 792. and 794, below sensing 
electrodes, 712, and 714, respectively, and bootstrap- 
ping them with unity-gain amplifiers, 707. and 708. 
respectively, to restore effective shielding against mois- 
ture in regions 320 and 330. The shieki electrode, 15, of 
Rgs. 2A, 2B, has thus been replaced by a multiple-sec- 
tion shield, or multiple shields, segments, portions of 
which, are either grounded or bootstrapped to their cor- 
responding sensing electrodes, as appropriate to the 
sensor design. 

Yet another configuration results from just modify- 
ing dimensions of the sensor active electrodes to take 



into account the physical limitations of the specific man- 
ufacturing process used, for example, in the case of 
lamination in an automobile wirxjshield. as has been 
discussed. Ideally, a combination of a perfect windshield 

5 and a uniform layer of moisture would result in zero out- 
put signal. When used as a wirvlshleld fog sensor, a sit- 
uation may occur, that the fog is sufficiently uniform as 
to create a very small signal. In other words, for the sen- 
sor to respond to a uniform moisture layer, the sensor 

10 should not be perfectly balanced. This required imbal- 
ance may be implemented either mechanically or elec- 
tronically. In practice, the windshield laminates 
thicknesses are not perfectly uniform. Therefore, the 
distance between the moisture layer and the electrode 

15 plane is not fixed, and the capacitively induced currents 
do not cancel, even with a uniform layer of moisture. 
Thus, in a realistic sensor, a signal will be generated 
even when the moisture layer is perfectly uniform. On 
the other hand, such a sensor also responds to com- 

20 mon mode effects such as heating of the windshield, but 
in practice, it has been found that there is no contradic- 
tion; and the amount of nonuniformity in practical wind- 
shields is sufficiently small to eliminate false signals due 
to temperature and mechanical stresses, yet sufficiently 

25 large to sense even a uniform layer of fog. 

In a preferred enrttxxiiment of the Invention, the sen- 
sor is deliberately made slightly asymmetrical, for exam- 
ple, by making the lengths of the opposing excitation 
electrode slightly different, to ensure that even when the 

30 laminates happen to be uniform in thickness, a uniform 
moisture layer could be sensed. This method applies to 
any of the sensors of the present invention, as it is inher- 
ent in the structure. 

Asymmetry of output in the case of a mechanically 

35 perfectly-balanced sensor may also be provided elec- 
tronically, as mentioned at>ove. This method applies In 
the case of sensors of the types shown in Figs. 2A, 2B. 
arxJ Figs. 7A, and shown schematically in Figs. 2C, and 
7B, respectively. These sensors are "bridge" sensors, in 

40 which the output is taken differentially between two out- 
put nodes. The electronic imbalance is provided simply 
by providing different electronic gains to the signals 
available at the two bridge output nodes, for example 
with separate pre-amplifiers 812 and 814 (Figure 8). 

45 and applying the outputs of these pre-amplif iers to the 
differential amplifier that would otherwise have been 
directly connected to the two bridge output nodes. 

Yet another configuration is shown in Figs. 9A and 
SB. Here, electrodes 912 and 914 are driven by bal- 

50 anced, 180-degree out-of-phase sources 10 and 11. 
and the signal output is taken at electrode 913. as in the 
Fig. 1 A, etc.. sensor. This version of the sensor includes 
an active electrode, 990, below electrode 913. Elec- 
trode 990 receives a "dry" reference signal depending 

55 on a capadtive-divider effect between capacitors 902 
and 903. whose values will also be dimensionally- 
dependent. substantially similarly to capacitors 932 and 
933. which are the capacitive couplings via the mois- 
ture-sensing regions 32 and 33, respectively. An ampli- 
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tier with inputs connected to electrodes 913 and 990, 
nodes 923 and 929. respectively, will develop a mois- 
ture-dependant oulput signal; but. since both lateral 
capadtive dividers will have similar substrate-dimen- 
sional variation **dry" capacitance sensitivities, the sen- 5 
sor output will be substantially independent of 
substrate-dimensional variation. The addition of shield 
electrodes 916 and 917. below electrodes 916 and 917, 
respectively, and bootstrap amplifier. 991 . bootstrapping 
electrodes 916 and 917 to active reference electrode 10 
990. node 929. provides sensor directionality. Without 
electrodes 91 6 and 91 7. and bootstrap amplifier 991 . as 
above, the sensor could be used to differentially sense 
moisture on an upper moisture-sensitive surface versus 
moisture on a lower moisture-sensitive surface, but this 75 
is not the goal in the automotive windshield application. 

The relative dimensions of the electrodes 91 6. 91 7, 
and 990, may be adjusted to minimize the actual sut>- 
st^ate dimensional sensitivity. If a charge amplifier is 
used, then tiie reference output will be its reference. 20 
rather than system signal ground. Alternatively, a differ- 
ential voltage amplifier may be used. 

While the invention has been described with 
respect to a limited number of embodiments, it will be 
appreciated that many variations, modifications, and 2s 
other applications of the invention may be made. 

For example, the moisture detector of the invention 
may be implemented as a stand-alone device, not inte- 
grally simultaneously fabricated with the automotive 
windshield, but which can be mounted to an existing 30 
windshield. In this case, it is not necessary to use the 
laminated "sandwich" glass substrate, but deposition of 
electrodes on the two sides of a flexible plastic sheet 
substrate would be sufficient, in which case this device 
would tiien be adhered onto the windshield, and wires 3S 
would connect to tiie electi'onics package. A sandwich 
glass-substrate could also be made, but would usually 
require glass substrate with matching curvature to that 
of tiie windshield it was to be mounted on. 

Additionally, further benefit may result from inter- 40 
connection of a multiplicity of moisture sensors which 
sense regions of the same surface, to provide a result- 
ing overall moisture sensor which is still less sensitive to 
substrate changes than one sensor alone. 

Where technical features mentioned in any claim 4s 
are followed by reference signs, those reference signs 
have been included for the sole purpose of increasing 
the intelligibility of tiie claims and accordingly, such ref- 
erence signs do not have any limiting effect on the 
scope of each element identified by way of example by so 
such reference signs. 

Claims 

1 . A differential capadtive moisture sensor having first ss 
and second surfaces for sensing moisture on the 
first surface of the moisture sensor, comprising at 
least three non-reference active electrodes located 
in an electrode plane parallel to, and between the 



planes of said first and second surfaces, defining 
two sensing regions on the first surface of the sen- 
sor, whereby a differential output signal is devel- 
oped, which depends on the difference between tiie 
amounts of moisture in said two sensing regions, 
thereby enabling detection of the presence of mois- 
ture on said first surface. 

2. The sensor of claim 1 . wherein said non-reference 
active elecb-odes are fabricated by deposition of a 
transparent conductive tiiln film on a substrate. 

3. The sensor of claim 1. further comprising a shield 
electrode, said shield eiecti-ode serving to reduce 
sensitivity to moisture on the second surface of the 
moisture sensor. 

4. The directional sensor of daim 3. further compris- 
ing a temperature sensor. 

5. The directional sensor of daim 3, further compris- 
ing a simultaneously fabricated heating element. 

6. The directional sensor of daim 3. wherein said 
shield electrode and said non-reference active elec- 
trodes are located on two opposite surfeces of a 
standalone substrate. 

7. A sensor as in claim 6, further comprising said stan- 
dalone substrate laminated inside a glass wind- 
shield. 

8. A method for sensing moisture on a surface, com- 
prising the steps of: 

a) providing a differential capadtive moisture 
sensor having first and second surfaces for 
sensing moisture on the first surface of the 
moisture sensor, comprising at least three non- 
reference active electrodes located in an elec- 
trode plane parallel to, and between the planes 
of said first and second surfaces, defining two 
sensing regions on the first surface of the sen- 
sor, whereby a differential output signal is 
developed, which depends on the difference 
between tiie amounts of moisture in said two 
sensing regions, tiiereby enabling detection of 
the presence of moisture on said first surface; 

b) applying exdtation to one or more of said 
electrodes; 

c) measuring signal output at one or more of 
said electrodes. 

9. The method of claim 8. further comprising providing 
asymmetrical electrodes. 

10. A differential capadtive moisture sensor assembly 
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for sensing moisture on two substantially parallel 
surfaces, comprising at least a first and second 
directional sensors, each of said directional sen- 
sors including: 

5 

(a) at least three non-reference active elec- 
trodes. 

(b) a shield electrode, said shield electrode 
serving to provide directionality, said shield io 
electrode being siA)stantially parallel to the 
plane of said non-reference active electrodes; 

each of said sensors being structured as a lami- 
nated assembly, including. is 

(a) a first glass laminate, having two substan- 
tially parallel surfaces, with a first surface con- 
taining said sensing regions; 



20 



25 



(b) a plastic laminate, having two substantially 
parallel surfaces, with a first surface of said 
plastic laminate adjacent to a second surface 
of said first glass laminate; 

(c) said non-reference active electrodes 
located on said first surface of said plastic lam- 
inate; 



(d) a second glass laminate, having two sub- 30 
stantially parallel surfaces; 

(e) a shield electrode on a second surface of 
said plastic laminate; and, 

35 

(f) a first surface of said second glass laminate 
adjacent to said second surface of said plastic 
laminate; arKl. 

wherein said first glass laminate of said first sensor 40 
serving as said second glass laminate of said first 
sensor. 
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